There are currently no registered drugs that slow the progression of neurodegenerative diseases, in part because translation from animal models to the clinic has been hampered by poor distribution to the brain. The present studies examined a selected series of para-phenyl-substituted diindolylmethane (C-DIM) compounds that display anti-inflammatory and neuroprotective efficacy in vitro. We postulated that the pharmacokinetic behavior of C-DIM compounds after oral administration would correlate with neuroprotective efficacy in vivo in a mouse model of Parkinson's disease. Pharmacokinetics and metabolism of 1,1-bis(39-indolyl)-1-(p-methoxyphenyl)methane (C-DIM5), 1,1-bis(39-indolyl)-1-(phenyl)methane, 1,1-bis(39-indolyl)-1-(p-hydroxyphenyl)methane (C-DIM8), and 1,1-bis(39-indolyl)-1-(p-chlorophenyl)methane (C-DIM12) were determined in plasma and brain of C57Bl/6 mice after oral and intravenous administration at 10 and 1 mg/Kg, respectively. Putative metabolites were measured in plasma, liver, and urine. C-DIM compounds given orally displayed the highest area under the curve, C max , and T max levels, and C-DIM12 exhibited the most favorable pharmacokinetics of the compounds tested. Oral bioavailability of each compound ranged from 6% (C-DIM8) to 42% (C-DIM12). After pharmacokinetic studies, the neuroprotective efficacy of C-DIM5, C-DIM8, and C-DIM12 (50 mg/Kg per oral) was examined in mice exposed to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and probenecid for 14 days, a model of progressive neurodegeneration with a strong neuroinflammatory component. C-DIM5 and C-DIM12 given orally once daily after one week of exposure to MPTP and probenecid prevented further loss of dopaminergic neurons in the substantia nigra pars compacta and striatal dopamine terminals, indicating that these compounds could be effective therapeutic agents to prevent neurodegeneration.
Introduction
Efficient delivery of chemotherapeutics to the brain represents one of the main challenges in the development of effective treatments for neurodegenerative disorders. In addition to the difficulty of brain distribution, toxicity and lack of clinical efficacy limit the use of many potential compounds that demonstrate efficacy in animal models. Small molecule therapeutics with a central nervous system (CNS) indication have lower approval rates and longer development periods, compared with compounds targeted to peripheral tissues (Glass et al., 2010) , contributing to the current lack of neuroprotective modalities for treating neurodegenerative disorders. Furthermore, poor performance of translational animal models of neurodegeneration in predicting clinical outcomes has limited the progress of therapeutic development for CNS disorders (Schintu et al., 2009; Carta et al., 2011) . Thus, a great need exists for orally bioavailable drugs for treatment of diseases, such as Alzheimer's, Parkinson's disease (PD), amyotrophic lateral sclerosis, and multiple sclerosis (Polazzi and Monti, 2010) .
One class of compounds with potential neuroprotective efficacy is based on 3-39-diindolylmethane, an acidic condensation product of indole-3-carbinol, a phytochemical found in cruciferous vegetables. 3-39-Diindolylmethane has been extensively studied as a potential cancer chemotherapeutic compound , and several novel para-phenyl-substituted diindolylmethanes (C-DIMs) demonstrate effective inhibition of tumor cell growth through activation or inactivation of nuclear receptors, including Nur77/NR4A1 (Lee et al., 2010) and Nurr1/ NR4A2 (Inamoto et al., 2008) . In the CNS, Nurr1 is expressed during the development of dopamine neurons in the sustantia nigra (SN), the portion of the ventral midbrain affected in PD (Saucedo-Cardenas et al., 1998) . Of interest, Nurr1 also has important homeostatic effects in the adult brain, where it positively regulates expression of trophic genes in dopaminergic neurons and tonically suppresses inflammatory activation of microglia and astrocytes by inhibiting activation of NF-kB (Saijo et al., 2009) .
Activation of microglia and astrocytes can result in persistent neuroinflammation that is associated with the progression of neuronal injury in neurodegenerative diseases (Rossi and Volterra, 2009; Polazzi and Monti, 2010) . Signaling pathways responsible for initiating neuroinflammatory responses are dynamically suppressed in the absence of extracellular stimuli but are rapidly induced in response to stress, injury, or pathogens. Inflammatory mediators produced by activated glial cells, such as cytokines and reactive oxygen species, may progress to neurotoxic levels during states of chronic neuroinflammation (Lambertsen et al., 2009; Brown and Neher, 2010) . It has been shown that selected nuclear orphan receptors, such as the nerve growth factor responsive NR4A family (NR4A1/Nur77, NR4A2/Nurr1, and NR4A3/Nor1) can downregulate pro-inflammatory genes through transcriptional repression or transrepression mechanisms by stabilizing binding of nuclear co-repressor proteins to regulatory elements in the promoters of inflammatory genes (Saijo et al., 2009 ). The discovery of this transrepressive property of nuclear receptors suggests that these proteins could be viable targets for developing neuroprotective therapeutics involving ligand-induced blockade of neuroinflammatory signaling pathways in glial cells.
The anti-inflammatory and neuroprotective efficacy of C-DIM compounds in neural cells was demonstrated by the capacity of selected para-phenyl-substituted analogs in this series to inhibit NF-kB-dependent expression of NOS2 in astrocytes and subsequent neuronal injury after inflammatory stimulation with cytokines and neurotoxins (Tjalkens et al., 2008; Carbone et al., 2009 ). On the basis of these in vitro findings, we generated pharmacokinetic data for each of the C-DIM compounds to determine their potential neuroprotective use in vivo. To determine initial pharmacokinetic parameters for selected C-DIM compounds in adult male C57Bl/6 mice, intravenous (1 mg/kg) and oral (10 mg/kg) administration was used for 1,1-bis(39-indolyl)-1-(p-methoxyphenyl)methane (C-DIM5); 1,1-bis(39-indolyl)-1-(phenyl)methane (C-DIM7); 1,1-bis(39-indolyl)-1-(p-hydroxyphenyl)methane (C-DIM8); and 1,1-bis(39-indolyl)-1-(p-hydroxyphenyl)methane (C-DIM12). Levels of each compound were measured in plasma and brain tissue for both administration routes; tissue levels of parent compound were quantified, and putative metabolites were analyzed in urine, liver, and plasma samples. On the basis of the results of these pharmacokinetic studies, we then examined the effectiveness of selected C-DIM compounds in attenuating loss of dopaminergic neuronal cell bodies, terminals, and dopamine levels in C57Bl/6 mice after subacute administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyradine (MPTP) and probenecid (MPTPp). Two of the three C-DIM compounds examined in efficacy studies significantly reduced additional loss of dopaminergic neurons in the substantia nigra of mice treated with MPTPp, with C-DIM12 displaying the highest activity. These results suggest that selected C-DIM compounds could be effective neuroprotective agents for attenuating progressive loss of neurons in neurodegenerative diseases.
Materials and Methods
Chemicals and Reagents. C-DIM 5, 7, 8, and 12 ( Fig. 1) were synthesized and characterized as described elsewhere (Qin et al., 2004) . All other reagents were of analytical grade and were purchased from Sigma-Aldrich (St. Louis, MO).
Compound Administration for Pharmacokinetic Studies. C-DIMs were prepared for intravenous administration by dissolving in 25% solutol for a final dose of 1 mg/kg, sterile filtered, and administered through tail vein injection. Oral gavage preparations of C-DIMs were made as a suspension in corn oil for a final dose of 10 mg/kg; controls were given saline or corn oil for intravenous or gavage administration, respectively. Adult male C57BL/6J mice (Jackson Laboratory, Bar Harbor, ME) were randomly placed into groups for each C-DIM, with n53 each for intravenous and oral gavage. Each mouse was weighed and treated with a single dose of the appropriate volume of C-DIM (10-15 ml for intravenous and 90-130 ml for oral gavage). After administration, three mice per treatment group were sacrificed at 10, 30, 60, 120, 240, 360, 480 , and 720 minutes by cardiac exsanguination under deep isoflurane anesthesia, and plasma and brain samples were collected. Brain samples were quickly frozen in liquid nitrogen and stored at 280°C for analysis. For tissue distribution studies, mice (n53 per C-DIM) were treated as described above, using only oral gavage, and were housed in metabolic cages to collect urine samples over 4 hours. At 4 hours, mice were sacrificed as described, and plasma and brain samples were collected along with peripheral organs (heart, lung, liver, kidney, intestine, fat, and brain) and rinsed in phosphate-buffered saline before freezing in liquid nitrogen and stored at 280°C. All studies were conducted under an approved Institutional Animal Care and Use Committee protocol at Colorado State University in accordance with the Guide for the Care and Use of Laboratory Animals as adopted by the National Institutes of Health.
MPTP Treatment of C-DIM Efficacy Studies. Male and female transgenic reporter mice (C57 background) expressing an enhanced green fluorescent protein reporter under control of an NF-kB reporter construct (cis-NF-kB enhanced green fluorescent protein ; Magness et al., 2004 ; generously provided by Dr. Christian Jobin, University of North Carolina at Chapel Hill) were aged to 12 weeks and then randomly divided into treatment groups (Miller et al., 2011) . A subacute administration strategy with MPTPp was used to create a progressive lesion in the substantia nigra, characterized by more gradual loss of dopamine neurons and a prominent neuroinflammatory response in glial cells (Schintu et al., 2009 ). Mice were injected every other day with MPTP (25 mg/kg s.c.) and probenecid (250 mg/kg i.p.) for 7 days for a total of 4 injections (MPTP prepared in saline as free base; Sigma-Aldrich). Control mice received saline and probenecid (250 mg/kg i.p.) only on the same administration schedule. After the final exposure to MPTPp, mice were either terminated at day 7 (MPTPp7d) or at day 14 (MPTPp14d). Mice terminated at day 14 were gavaged once daily with either corn oil (vehicle control) or 50 mg/kg of each respective C-DIM compound dissolved in corn oil (MPTPp14d 1 C-DIM5, MPTPp14d 1 C-DIM8, MPTPp14d 1 C-DIM12). Treatment with MPTPp in this model causes initial loss of dopamine neurons and a sustained neuroinflammatory response that causes further loss of dopamine neurons even after treatment with MPTPp has ceased (Schintu et al., 2009; Carta et al., 2011) . All animal procedures were performed in accordance with National Institutes of Health guidelines for the care and use of laboratory animals and were approved by the Colorado State University Institutional Animal Care and Use Committee. Every effort was made to minimize pain and discomfort. Terminal procedures were performed under deep isofluorane anesthesia.
Stereological Assessment of Dopamine Neurons in the SN and Nerve Terminals in the Striatum (ST). Tissue processing and stereologic deterimination of dopamine neuron numbers in the SN were performed as reported previously (Miller et al., 2011) . In brief, 7 or 14 days after treatment, animals were terminally anesthetized with isoflurane and transcardially perfused. After perfusion fixation, the brains were carefully removed from the skull and immersion fixed in the same fixative at 4°C for 3 hours. The brains were then cryoprotected in cacodylate-phosphate-buffered saline containing 15% sucrose overnight, followed by 30% sucrose. The tissue was then embedded and sectioned at 40-mm thickness on a cryostat microtome producing a mean of 60 sections through the anatomic SN nucleus. Sections were stored at -20°C, free floating, in cryoprotectant (30% w/v sucrose, 30% v/v ethylene glycol; 0.5 M phosphate buffer; pH 7.2) until staining.
Free-floating serial sections used for tyrosine hydroxylase (TH; Millipore) staining were obtained using systematic sampling from all sections encompassing the entire length of the SNpc, where every third tissue was selected and counted, for a total of 20 sections per animal. Slides were stored at 4°C until imaged for stereological counting. Stereological counts of TH-positive cells were performed using Slidebook software (version 5.0; Intelligent Imaging Innovations, Denver, CO) with use of the optical fractionator method (West and Gunderson, 1990) . Images were captured using a Zeiss Axiovert 200M inverted fluorescence microscope equipped with a Hammatsu ORCA-ER-cooled charge-coupled device camera (Hammamatsu Photonics, Hamamatsu City, Japan). The boundary of the SNpc was determined using low-magnification (10Â) montage imaging. Total numbers of TH-positive cells were obtained through imaging (40Â) uniform randomly placed counting frames (100 Â 100 mm) with use of an optical dissector of 30 mm with 5 mm upper and lower guard zones. Representative montage images were generated for each treatment group with use of a 20Â objective and displayed using inverted monochrome. Anatomic landmarks were used to select striatal sections for TH intensity staining in an identical process as described above and in Miller et al. (2011) , staining all treatment groups simultaneously. Montage images of the ST were created using a 10Â objective and a mask generated to outline the striatum with use of Slidebook software, and mean fluorescence intensity in relative florescence units was obtained. Representative montage images were generated for each treatment group with use of a 10Â objective and were displayed using inverted monochrome.
Striatal Dopamine and Dopamine Metabolite Content. Catecholamine levels were determined in the striatum with use of high-performance liquid chromatography (HPLC) coupled with electrochemical detection. In brief, animals were anesthetized using isoflurane and were immediately decapitated, followed by rapid brain removal and isolation of the striatal brain region with use of a mouse brain matrix block for reference. Striatal brain tissues were flash frozen in liquid nitrogen and stored at -80°C until they were sent for analysis. The Neurochemistry Core Laboratory at Vanderbilt University's Center for Molecular Neuroscience Research (Nashville, TN) analyzed the samples with coded treatment groups for unbiased analysis of the concentration of dopamine and its metabolites. For HPLC analysis details, see Perez and Palmiter (2005) .
Liquid Chromatography-Tandem Mass Spectrometry Analysis of C-DIM Metabolites. Standard dilutions of C-DIMs were prepared in 1:1 acetonitrile (ACN)/10 mM ammonium acetate (pH 7.5). For the analysis of each C-DIM in plasma and tissue homogenate, C-DIMs standards (1-1000 ng/ml) were added to control plasma, urine, or tissue homogenate (100 mg/ml in water, using a PowerGen 700 tissue homogenizer; Fisher Scientific). Samples were prepared using 100 ml of plasma, urine, or homogenate. Each sample was spiked with 10 ml of 1:1 ACN/10 mM ammonium acetate (pH 7.5) or 10 ml of the appropriate C-DIM standard, 10 ml of 250 ng/ml naringenin as an internal standard, and vortex briefly, and then 600 ml of 1:1 ACN/methyl tert-butyl ether was added. Samples were vortexed continuously for 10 minutes, followed by centrifugation for 10 minutes at 20,800g at 4°C. Then, 500 ml of each supernatant was collected and transferred to a fresh 2-ml microcentrifuge tube. The samples were then dried on a Savant Automatic Environmental SpeedVac AES 1000 (Farmingdale, NY) using medium heat for approximately 1.25 hours. The samples were then resuspended in 200 ml of 1:1 ACN/10 mM ammonium acetate (pH 7.5), vortexed for 5 minutes, followed by centrifugation for 5 minutes, then transferred to HPLC vials with inserts for analysis. The in vitro formation of the glucuronide metabolite for each C-DIM was assessed using the method previously described (Guo et al., 2007) .
Negative ion electrospray ionization mass spectra were obtained using an MDS Sciex 3200 Q-TRAP triple quadrupole mass spectrometer (Applied Biosystems, Inc., Foster City, CA) with a turbo ionspray source interfaced to a Shimadzu LC-20AD High-Performance Liquid Chromatograph system (Shimadzu Corporation, Kyoto, Japan). Samples were chromatographed using a Waters Sunfire C8 (5 mm, 4.6 Â 50 mm column; Waters Corp.) protected by a C18 guard cartridge (4.0 Â 2.0 mm; Phenomenex, Torrance, CA). A liquid chromatography gradient was used with mobile phase A consisting of 10 mM ammonium acetate and mobile phase B consisting of acetonitrile. Chromatographic resolution was achieved by linearly holding the B solvent at 40% for 1 minute. The solvent mixture was then altered by increasing mobile phase B linearly from 40 to 98% at 1-2 minutes, maintaining at 98% at 2-4 minutes, and then decreasing linearly from 98 to 40% at 4-4.5 minutes, followed by re-equilibration of the column at 40% mobile phase B at 4.5-6 minutes. The liquid chromatogrphy flow rate was 750 ml/min, the sample injection volume was 60 ml, and the analysis run time was 6 minutes.
The mass spectrometer settings were optimized as follows: turbo ionspray temperature, 600°C; ion spray voltage, 24500 V; curtain gas, N 2 , (CUR), 30 units; collision gas, N 2 , (CAD), medium; nebulizer gas, N 2 , 60 units; and auxiliary gas, N 2 , 60 units. The compound-specific parameters for each C-DIM are shown in Supplemental Table 1 . The product ion scans obtained after infusion of 1 mg/ml each C-DIM (in beginning mobile phase, 10 ml/min) into a 0.750 ml/min flow of starting mobile phase and suggested formation of the precursor ion, product ion, and neutral loss can be seen in Fig. 2A . The predominant product ions were m/z (mass-to-charge ratio) 116.0, 220.0, and 335.0 amu for C-DIM5; m/z 116.0, 204.0, and 243.0 amu for C-DIM7; m/z 116.0, and 220.0 amu for C-DIM8; and m/z 116.0 and 243.1 amu for C-DIM12. Samples were quantified in the multiple reaction monitoring (MRM) mode monitoring the relevant ion transitions and then summing the counts for each C-DIM. Each ion transition was integrated for 50 milliseconds. Q 1 and Q 3 were both operated in unit resolution mode. All C-DIMs eluted at 2.0-4.0 minutes. Peaks were detected by monitoring the appropriate ion transitions for each compound. No interfering peaks were detected at the monitored ion transitions in extracted matrix (Fig. 2B ). Chromatographic conditions were optimized for peak shape. Representative chromatographs of each C-DIM are shown at 1 ng/ml in plasma (Fig. 2B) . Quantitation of each C-DIM was based on linear standard curves in spiked matrix with 1/x 2 weighting of linear regression. Mouse Microsomal Metabolism Assay. Incubation of C-DIM8 and C-DIM12 with microsomes was conducted as previously described (Fisher et al., 2000) . In brief, 0.25 mg of mouse liver microsomes, 0.1 M potassium phosphate buffer (pH 7.1), and 12.5 mg of alamethicin were mixed and placed on ice for 15 minutes. MgCl 2 (3.3 mM in incubation) and C-DIMs (1 mM C-DIM8 or 300 nM C-DIM12 in incubation) were added, and the mixture was preincubated at 37°C for 3 minutes. To initiate the reaction, UDPGA (5 mM in incubation) was added to give a 100 ml final volume. Control incubations were performed with heatinactivated microsomes and immediate quenching of reactions after addition of UDPGA by adding 200 ml of ice-cold acetonitrile. After addition of acetonitrile, samples were centrifuged to pellet-precipitated protein and supernatant was analyzed as indicated above for metabolites in tissue and plasma samples. Relative abundance of Efficacy and Bioavailability of Para-Phenyl Diindolylmethanes metabolites was determined measuring peak areas of theoretical MRMs and comparing to parent peak areas for each C-DIM compound.
Plasma and Urine incubation with b-Glucuronidase. Plasma and urine were collected from animals 4 hours after a single dose of C-DIM5, C-DIM7, C-DIM8, or C-DIM12, delivered by oral gavage at 10 mg/kg in corn oil. Plasma and urine samples were then incubated with 300 mM saccharic acid or 500 units b-glucuronidase (Karunairatnam and Levvy, 1949; Guo et al., 2007) and analyzed as described above, using mass spectrometry for the quantitation of parent C-DIM compound in each sample.
Pharmacokinetic and Statistical Analysis. Pharmacokinetic parameters were calculated from plasma or brain homogenate concentration-time data with standard noncompartmental methods using Microsoft Excel. Descriptive statistics were used for pharmacokinetic variables (including C max , T max , areas under the curve [AUC] 0-t , and t 1/2 ). Statistical analyses were performed using GraphPad Prism software (version 5.0; GraphPad Prism, La Jolla, CA); data sets were analyzed using one-way analysis of variance with a TukeyKramer posttest (significance is denoted at *P , 0.05). Oral bioavailability was calculated using Eq. 1:
Results
Analytical Characterization of Diindolylmethane Compounds. Structures and masses of the four para-phenylsubstituted diindolymethane compounds examined in this study are described in Fig. 1 . The relative abundance of the C-DIM parent compounds and the respective product ions under the mass spectrometry conditions used for analysis are presented in Fig. 2A . MRM analyses detecting the most abundant product ions for each drug were measured to ensure accuracy and sensitivity for detection of each compound. Representative chromatographs used for analytical determination of each C-DIM compound is described in Fig. 2B , which depicts chromatograms of either blank spiked with internal standard, C-DIM-spiked plasma, or unknown sample. Chromatograms shown in Fig. 2B for plasma are similar to the standards measured for each C-DIM compound in the various tissues examined in this study. Using this analytical method, we were able to detect all four C-DIM compounds in biologically relevant matrices with a high level of sensitivity.
Plasma Levels of C-DIM Compounds after Intravenous and Oral Administration. The plasma concentration over time for each substituted diindolylmethane analog is shown in Fig. 3 , with the corresponding calculated noncompartmental pharmacokinetic values in Table 1 . AUC values for each C-DIM compound varied on the basis of route of administration and individual C-DIM structure. Half-life (t 1/2 ) in plasma for intravenous administration ranged from 71 (C-DIM8) to 144 minutes (C-DIM5); oral gavage t 1/2 values ranged from 55 (C-DIM5) to 131 minutes (C-DIM7). The time for each C-DIM to reach C max (T max ) after oral gavage administration was 60 minutes for C-DIM8 and 120 minutes for all others. Clearance as a function of bioavailability, extrapolated volume of distribution, and mean resonance time were dependent on C-DIM structure and route of administration; C-DIM8 was rapidly cleared when given orally, displaying a low AUC via this route.
The percentage of oral bioavailability of each C-DIM compound was calculated on the basis of their total exposure (AUC; Table 1 ). C-DIM5 and C-DIM12 exhibited the highest bioavailability at 38 and 42%, respectively. It is likely that C-DIM8 (6% oral bioavailability) undergoes rapid first-pass hepatic metabolism when given orally because of glucuronidation of the phenolic group; this was further examined after incubation of C-DIM8 and C-DIM12 with liver microsomes (Table 3 ) and treatment of plasma and urine collected from treated mice with b-glucuronidase (Fig. 5) .
Brain Levels of C-DIM Compounds after Intravenous and Oral Administration. Brain levels of each C-DIM were determined to investigate the suitability of these compounds Table 2 . Values reported in Table 2 for brain to plasma AUC suggest very reasonable distribution to the brain for each C-DIM compound evaluated, with brain to plasma AUC ratios for oral delivery of 3.2 (C-DIM8), 4.1 (C-DIM7 and C-DIM12), and 6.0 (C-DIM5). Corresponding C max values in brain tissue ranged from 31.2 (C-DIM8) to 1173 ng/ml (C-DIM12). Among the compounds evaluated, C-DIM12 had the highest values for AUC in brain tissue after oral administration. The t 1/2 measurements in brain tissue are similar to t 1/2 plasma values for each respective C-DIM compound, with the exception of C-DIM8, which displayed a significantly shorter plasma t 1/2 (71 minutes in the plasma versus 248 minutes in the brain after intravenous administration). T max , clearance, and K el (elimination rate) across all C-DIM compounds varied on the basis of compound and route of administration but, in general, were similar to their respective plasma pharmacokinetic measurements. These data indicate that each C-DIM reaches the brain via both intravenous and oral gavage routes of administration, with selected compounds, such as C-DIM12, exhibiting increased partitioning to the brain. 
TABLE 1 Plasma pharmacokinetic values of C-DIM compounds
Data representing the mean of three animals per time point per C-DIM compound were used for the construction of plasma concentration versus time curves (Fig. 3) . Noncompartmental modeling was used for the calculation of pharmacokinetic parameters based on the composite data. AUC, area under the curve; AUMC, area under the first-moment curve; C-DIM, para-phenyl subsitiuted diindolylmethane; CL, clearance limit; K el , elimination rate; MRT, mean residence time.
Tissue Distribution of C-DIM Compounds and Identification of Glucuronide Metabolites in Plasma and Urine. The pharmacokinetic analysis profiled plasma and brain levels of each compound, based on CNS as the primary intended target tissue, but we also determined the initial tissue distribution for each C-DIM compound and for the major metabolites in plasma and urine (Fig. 5) . Because AUC and half-life values for orally administered C-DIMs peaked at approximately 4 hours for brain tissue, we investigated the tissue distribution of each C-DIM at 4 hours after oral gavage (10 mg/kg). As shown in Fig. 5A , C-DIM levels are highest in the intestine for oral administration and displayed similar distribution profiles, as suggested by pharmacokinetic data; C-DIM8 levels were lowest in the peripheral tissues, and C-DIM12 were highest, with the exception of the liver, where C-DIM5 levels were increased. No significant differences were observed between C-DIM levels in most tissues, except for the lung and liver, where C-DIM8 was significantly lower than C-DIM5 and 12 (P , 0.05).
The structure of C-DIM8 contains a phenolic R-group substituent, which suggested that is was very likely to undergo glucuronide conjugation. To investigate this possibility for each C-DIM compound examined, we obtained plasma samples from mice four hours after a single 10 mg/kg oral dose of each compound and then measured metabolites by liquid chromatography-tandem mass spectrometry after incubation 
TABLE 2
Brain pharmacokinetic values of C-DIM compoundsData representing the mean of three animals per time point per C-DIM compound were used for the construction of brain tissue concentration versus time curves (Fig. 4) .
Noncompartmental modeling was used for the calculation of pharmacokinetic parameters based on the composite data. Efficacy and Bioavailability of Para-Phenyl Diindolylmethanes with b-glucuronidase (three mice per group). The addition of b-glucuronidase resulted in significantly increased levels of C-DIM8 parent compound, consistent with glucuronidation of the phenolic substituent (P , 0.0001; Fig. 5B ). b-glucuronidase treatment of plasma from mice treated with other C-DIM compounds did not result in a significant increase in concentrations of parent compound. Plasma samples were also treated with saccharic acid, an inhibitor of b-glucuronidase, but the levels of parent compound for C-DIM5, C-DIM7, and C-DIM12 remained unchanged relative to the increase observed in C-DIM8, indicating a possible metabolite other than a glucuronide that is converted back to parent C-DIM8. Similar metabolite profiles were observed in urine samples collected over four hours from mice housed in metabolic cages that were given a single oral dose of each C-DIM compound at 10 mg/kg (Fig. 5C ). Excreted C-DIM parent compounds measured in the urine were not affected by the addition of b-glucuronidase inhibitors, with the exception of C-DIM8, which was significantly increased in the presence of b-glucuronidase, suggesting that the glucuronidated form of C-DIM8 is abundant in the urine four hours after a single oral dose of this compound.
Determination of Oxidative Metabolites of C-DIM Compounds. Extracts from plasma, urine, and various peripheral tissue samples were analyzed for putative metabolites of each C-DIM after a 10-mg/kg oral dose for each drug. Mice were housed in metabolic cages, and plasma, urine, and liver samples were collected 4 hours after a single 10-mg/kg oral dose of each C-DIM compound, based on the calculated T max values (Table 1) . Without valid reference standards for each metabolite, it was not possible to establish a complete quantitative profile of oxidative metabolites for each compound, but theoretical MRM for various metabolic reactions that resulted in an identifiable mass signature are shown in Table 3 . Metabolites were detected in plasma, urine, and muscle, heart, and kidney tissues, as well as in reactions containing murine hepatic microsomes incubated with C-DIM8 and C-DIM12 for comparison of possible glucuronide formation. Microsomal preparations treated with 1 mM of C-DIM8 and 300 nM C-DIM12 revealed minor levels of oxidation (max abundance of 15% at 40 minutes of the parent AUC at 0 minute) and di-oxidation (max abundance of 3% at 70 minutes of the parent AUC at 0 minute). Oxidation of the indole ring (R 2 ) was observed in plasma and urine for all C-DIM compounds, with the exception of C-DIM5, for which oxidation was only detected in urine. These similarities in metabolism are not surprising, given the 1,1-bis (39-indolyl) moiety, common to all C-DIM compounds. Measurement of C-DIM12 in urine incubated with b-glucuronidase indicated that oxidative dehalogenation occurred, resulting in generation of C-DIM8 parent compound, which is then metabolized to a glucuronide conjugate. A summary of the metabolism of each C-DIM compound is presented in Fig. 6 , which demonstrates that dealkylation of C-DIM5 and oxidative dehalogenation of C-DIM12 generate the C-DIM8 parent compound. After analysis of liver and urine of C-DIM8-treated mice, we observe an extensive peak corresponding to parent MRMs, with a retention time of 1.08 minute, which suggests in-source decay of a C-DIM8-glucuronide.
Neuroprotective Efficacy of C-DIM Compounds. On the basis of the oral bioavailability and brain concentrations of C-DIMs, in vivo efficacy studies were conducted to determine the capacity of each C-DIM compound to prevent loss of dopamine neurons in the SN subacute MPTPp model of PD ( Fig. 7; Table 4 ). Stereologic counting of dopamine neurons numbers in the SN indicated that mice treated for 7 days with MPTPp (MPTPp7d) experienced modest but significant loss of TH-positive neurons, compared with saline-treated animals ( Table 4) . Numbers of TH-positive neurons continued to decrease on days 7-14, even after cessation of MPTPp treatment Fig. 5 . Tissue accumulation and metabolism of C-DIM compounds after oral administration. (A) Mice were administered a single oral dose (10 mg/kg) of C-DIM5, C-DIM7, C-DIM8, or C-DIM12 and examined for tissue distribution of each C-DIM compound 4 hours after administration, the time at which peak plasma and brain concentrations of drug were measured in pharmacokinetic studies. Colors denote different C-DIM compounds, error bars represent standard deviation, and significance is indicated by * (P , 0.05, n = 3 animals per group). Plasma (B) and urine (C) samples were also collected and treated with b-glucuronidase or saccharic acid (control), and the concentration of each C-DIM parent compound was determined by liquid chromatograpjy-tandem mass spectrometry. Mice were housed in metabolic cages for urine sample collection. Colors denote different C-DIM compounds, error bars represent standard deviation, and significance is indicated by *** (P . 0.001, n = 3 animals per group); data are expressed as mean 6 S.E.M. on day 7, leading to approximately 50% loss of TH-positive neurons by day 14 (P , 0.05 and P , 0.05 for 14 days and 7 days, respectively, compared with saline control; n54). The number and integrity of dopaminergic neurons was assessed using immunofluorescence staining for TH, presented as the negative grayscale image for each representative brain specimen (Fig. 7) . On the basis of these data, the neuroprotective efficacy of each C-DIM compound was evaluated using a postlesion strategy for delivery, in which C-DIMs were administered by oral gavage during the 7-day period after MPTPp treatment (50 mg/kg in corn oil vehicle, once daily on days 7-14). Thus, MPTPp14 and C-DIM groups represent animals that have sustained injury to the SN before treatment with each C-DIM compound. Loss of dopaminergic soma, axons and dendrites was evident at both day 7 and day 14 in mice exposed to MPTPp (Fig. 7, A-C) . This loss was attenuated in mice treated orally with C-DIM5, 8, and 12 (Fig.  7, D-F) , with C-DIM12 resulting in the most obvious preservation of dopamine neuron number and structure. Overt behavioral changes were not observed between any groups of mice by open-field activity measurements with use of this relatively moderate administration strategy with MPTP and probenecid (unpublished data). Stereological assessment of TH-positive neurons in the SN (Table 4) revealed that the number of dopamine neurons in mice treated with MPTPp plus C-DIM5 and C-DIM12 was the same as that for MPTPptreated mice at day 7, indicating that there was no further loss of dopaminergic neurons in the SN during days 7-14 in these groups. Moreover, the number of TH-positive neurons in the SN in mice treated with MPTPp plus C-DIM5 and C-DIM12 was also significantly greater than that in the MPTPp 14 day group. The number of TH-positive neurons in C-DIM8-treated mice was not different from that in the MPTPp 7 day group or that in the MPTPp 14 day group, despite an obvious trend toward a greater number of neurons in the SN.
After stereological assessment of dopaminergic neuronal cell bodies in the SN, preservation of dopamine nerve terminals in the ST was determined for all treatment groups. Treatment with MPTPp caused a progressive loss of THimmunoreactive fibers in the striatum, expressed as percentage control of mean fluorescence intensity (Table 4) . Striatal TH intensity in MPTPp 7 day animals decreased to approximately 81.6% of control, whereas MPTPp 14 day animals degenerated further to 65.4% of control TH fluorescence, even after cessation of MPTPp treatments. In contrast to dopamine cell body counts in the SN, striatal intensity levels representing dopamine neuron projections were significantly preserved in all the C-DIM-treated animals, with 88.5, 89.3, and 88.4% of control mean fluorescence in MPTPp 14 days plus C-DIM5, MPTPp 14 days plus C-DIM8, and MPTPp 14 days plus C-DIM12 groups, respectively. Representative montages (inverted monochrome, 10Â) of the striatum show the TH intensity changes seen in the MPTPp-treated animals and the preservation of dopamine terminals in the C-DIM-treated animals (Fig. 8) . Dehalogenation oxidation and glucuronidation
b-gluc, b-glucuronidase treated; C-DIM, para-phenyl subsitiuted diindolylmethane; Gluc, glucuronic acid; H, heart; K, kidney; L, liver; M, muscle; Micro, liver microsome incubation; MRM, multiple reaction monitoring; P, plasma; U, urine.
To determine changes in neurochemistry in this model, levels of dopamine and its primary metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC), were measured in striatal tissue from mice treated with MPTPp in the presence and absence of C-DIM compounds (Table 5) . Dopamine content was significantly decreased after 7 days of MPTPp treatment, with MPTPp 14 day dopamine levels apparently further decreased despite the lack of statistical significance. Dopamine levels in C-DIM-treated mice were not statistically different from those in the MPTPp 7 day or MPTPp 14 day groups, although a trend toward perseveration of striatal dopamine levels was consistently noted, particularly for C-DIM12. DOPAC levels showed a similar trend (Table 5 ).
Discussion
The objective of this study was to characterize the pharmacokinetic behavior of selected C-DIM compounds and to assess the comparative efficacy of each compound in vivo in attenuating the progressive loss of dopamine neurons in the subacute MPTPp model of PD. Determination of levels of each C-DIM compound and major metabolites by liquid chromatography-tandem mass spectrometry in plasma, urine, and tissue samples indicated bioavailability and pharmacokinetic values after oral administration that are acceptable for a potential small molecule therapeutic. The pharmacokinetic behavior of the parent 3-39-diindolylmethane molecule was previously studied in mice after administration of a single oral dose, which indicated that levels of diindolylmethane rapidly increased in tissue samples, followed by a relatively long elimination phase (Anderton et al., 2004) . A single oral dose of para-phenyl-substituted C-DIM compounds (triaryl methanes) in the present study gave a similar result, with a rapid increase in the plasma concentration of each compound and distribution into brain and peripheral tissues. Each of the four C-DIM compounds tested displayed variable distribution in the plasma and brain based on structure and route of administration (Tables 1 and 2 ). Oral administration yielded greater accumulation in brain than did intravenous administration (except for C-DIM8) and significantly increased the C max in brain for C-DIM12 from 272 ng/ml (intravenous) to 1,173 ng/ml (oral; Table 2 ). Calculated values for the brain to plasma AUC ratio further support oral administration as an acceptable route of administration for C-DIM compounds targeted to the CNS, with markedly increased brain AUC to plasma AUC values over intravenous injection (Table 2) .
On the basis of plasma pharmacokinetics, we determined which C-DIM compound had the most biologically relevant kinetic properties for in vivo efficacy studies. C-DIM12 given orally has the largest AUC (115,891 ng/ml/min) and C max (606 ng/ml) and the slowest clearance rate (86.3 ml/minÂkg) in plasma. In contrast, orally administered C-DIM8 has the smallest AUC (9129 ng/ml/min) and C max (28.0 ng/ml) and the most rapid rate of clearance (1,941 ml/minÂkg; Table 1) in plasma. Because C-DIM8 administered by oral gavage was more rapidly metabolized than after intravenous administration, we Table 3 show the common oxidative metabolism observed for C-DIM5, C-DIM8, and C-DIM12.
postulated that glucuronide conjugation likely occurred during first-pass metabolism in the liver. Urine and plasma measurements showed a significant increase in C-DIM8 parent compound when treated with b-glucuronidase, an enzyme that degrades glucuronic acid conjugates (Fig. 5, B and C) . C-DIM5 and 12 were not significantly affected after incubation with this enzyme, suggesting that only the C-DIM8 parent compound undergoes direct glucuronide conjugation, which is consistent with its phenolic R-group. Because of its rapid metabolism and clearance, C-DIM8 may be less effective as a neuroprotective agent in chronic disease studies; however, initial in vitro screening studies conducted in our laboratory indicated that C-DIM8 had activity similar to C-DIM5 and 12 in suppressing cytokine-induced expression of inflammatory genes, such as NOS2, TNFa family member 10, and IL-1b mRNA, in activated astrocytes (unpublished data). Thus, the presence of a small, relatively polar R-group on the aryl ring substituent may correlate with neuroprotective activity, although more extensive structure-activity studies will be needed to determine the precise structural components contributing to this effect.
Putative metabolites of C-DIM compounds were identified using theoretical MRM and revealed that the shared indole structure undergoes common oxidative metabolism for all compounds ( Fig. 7; Table 3 ). Despite the similar parent structure, differential metabolism of the substituent group for each C-DIM clearly plays a role in the pharmacokinetics of C-DIMs, and this was particularly evident for glucuronide conjugation to the hydroxyl group of C-DIM8 (Fig. 7) . Although more detailed metabolic studies need to be performed for each compound, identification of major metabolites is helpful in establishing an initial profile for further examination of therapeutic efficacy.
The failure of small molecule therapeutics to modulate neurodegenerative disease is largely blamed on unsuccessful translation of rodent studies to human trials (Glass et al., 2010) . This may be attributable in part to poor CNS pharmacokinetic 
TABLE 4
Stereological assessment of dopamine neuron numbers in the SN and TH staining intensity in the ST Mice were treated with saline or MPTPp (25 mg/kg MPTP subcutaneous, 250 mg/kg probenecid intraperitoneal) every other day for 7 days (total four injections). MPTPp 7 day mice were terminated at 7 days and assessed using stereology for TH-positive neurons in the SN. Remaining groups were either given corn oil (MPTPp 14 days), C-DIM5 (MPTPp 14 days plus C-DIM5), C-DIM8 (MPTPp 14 days plus C-DIM8), or C-DIM12 (MPTPp 14 days plus C-DIM12) via daily oral gavage (50 mg/kg) for the following 7 days. After a total of 14 days, mice were used for stereology studies in the SN. Mean fluorescence intensity of TH expression in the ST as a representation of dopamine neuron terminal survival is presented for each treatment group as a percentage of control (SAL). Data are expressed as mean 6 S.E.M. (n = 4 animals per group). behavior after oral administration and incongruities among routes of administration in rodent studies, compared with human clinical trials. Oral bioavailability is a desirable property of any putative therapeutic agent, and calculated oral bioavailability for the C-DIM compounds ranged from 6% (C-DIM8) to 42% (C-DIM12; Fig. 5 ), similar to Levodopa (41% 6 16%), the most widely used symptomatic treatment of PD. In comparison, the monamine oxidase B inhibitor Selegiline indicated for PD has an oral bioavailability of less than 10% (Robertson et al., 1989; Azzaro et al., 2007) . On the basis of these data, it is reasonable to postulate that orally delivered C-DIM compounds, particularly C-DIM12, would distribute adequately to the CNS and could therefore be suitable agents for translational efficacy studies.
To determine the neuroprotective efficacy of C-DIM compounds in a relevant animal model of PD, we used a subacute administration strategy with MPTP and probenecid in mice to induce modest loss of dopamine neurons over a 7-day period, after which neuronal loss continued for an additional 7 days in the absence of MPTPp exposure, indicating a progressive neuroinflammatory lesion (Hirsch and Hunot, 2009; Schintu et al., 2009; Carta et al., 2011) . Administration of C-DIM5 or C-DIM12 attenuated this progressive loss of neurons in the SN after the initial neurotoxin-induced lesion ( Fig. 7 ; Table 4 ). In contrast, C-DIM8 showed less neuroprotection after MPTPp exposure, with neuronal counts in the SN remaining statistically unchanged from the MPTPp 14-day time point, although counts trended toward those determined at the 7-day time point (Table 4) . The relatively lower efficacy of C-DIM8 may be the result of its greater clearance because of high first-pass metabolic elimination through rapid formation of the glucuronide conjugate. Of interest, oxidative metabolism of both C-DIM5 and C-DIM12 generates the phenolic metabolite corresponding to the C-DIM8 parent compound, which could extend the potential window of efficacy of these compounds by forming a metabolite that retains a degree of neuroprotective activity.
The integrity of dopaminergic nerve terminals is another important measure of neuroprotective efficacy (Kreitzer and Malenka, 2008) . MPTPp 14 day animal groups treated with all three C-DIM compounds experienced significantly increased TH fluorescence intensity in the striatum, compared Loss of TH intensity in the ST was evident 7 days after treatment with MPTPp and continued to decrease through 14 days after MPTPp treatment. All three C-DIM compounds prevented this progressive decrease in striatal TH intensity on days 7-14. Representative montages were reconstructed from each series of 10Â individual images stained for TH immunofluoresence and converted to inverted monochrome for presentation. Scale bar = 500 mm.
TABLE 5
Dopamine and DOPAC levels in the striatum A separate set of mice from the same MPTPp study used in stereological and TH intensity assessment (Table 4) Dopamine, ng/mg 49.0 6 6.7 20.3 6 2.3* 7.0 6 3.9* 6.4 6 1.4* 8.4 6 2.3* 11.9 6 3.9* DOPAC, ng/mg 3.9 6 .81 2.5 6 .32 0.9 6 .14* 0.8 6 .13* 1.1 6 .14* 1.4 6 .35* DOPAC, 3,4-dihydroxyphenylacetic acid; HPLC, high performance liquid chromatography; MPTPp, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyradine with probenecid; SAL, control; TH, tyrosine hydroxylase.
* P , 0.05 compared with saline control.
with their untreated counterparts ( Fig. 8; Table 4 ). However, treatment with C-DIM compounds only slightly increased striatal dopamine and DOPAC levels, compares with animals in the MPTPp 14 day group (Table 5) . However, it is likely that the robust oxidative effects of MPTP on dopamine nerve terminals may preclude the detection of more subtle differences of dopamine and DOPAC between MPTPp-and C-DIM-treated animals (Przedborski et al., 2000) . This also could explain the apparent lack of structure-related differences among C-DIM5, 8, and 12 in preventing loss of TH expression in the striatum, which relies on immunohistochemical analysis of a large region of tissue and lacks the cellular specificity of stereological counting. The treatment regimen used in these studies was established to mimic what is clinically relevant for individuals with early stages of PD, when dopamine neuron loss in the SN has already occurred at the time of diagnosis (Meredith et al., 2008) . The selected C-DIM compounds examined in this model, particularly C-DIM5 and 12, had excellent pharmacokinetic behavior after oral administration and were effective at inhibiting progressive loss of dopamine neurons in a postlesioning model of PD. In previous in vitro studies with two other C-DIM analogs in this series, 1,1-bis(39-indolyl)-1-(p-trifluoromethylphenyl)methane (C-DIM1) and 1,1-bis(39-indolyl)-1-(p-t-butylphenyl)methane (C-DIM4), we reported that these compounds suppressed activation of NF-kB in mixed glial cultures exposed to inflammatory stimuli that prevented expression of inducible nitric oxide synthase (NOS2) and protected cocultured neurons from apoptosis (Tjalkens et al., 2008; Carbone et al., 2009 ). The mechanism underlying this anti-inflammatory activity in glia involved stabilization of nuclear corepressor proteins that prevented DNA binding of NF-kB at cis elements in the Nos2 promoter. Because C-DIM5 and C-DIM12 are activators in cancer cell lines of the NR4A family nuclear receptors Nur77 and Nurr1, respectively (Inamoto et al., 2008; Lee et al., 2010 Lee et al., , 2012 Li et al., 2012) , they may exert neuroprotective effects by broadly suppressing NF-kB-dependent expression of inflammatory genes in glia, as suggested in recent studies characterizing the neuroprotective role of Nurr1 in PD, and warrants further study (Saijo et al., 2009 ). Examination of the three C-DIM compounds used in the present studies indicate that, although these compounds may have similar neuroprotective activities in vitro, the differing substituents on the aryl ring yield distinct pharmacokinetic profiles, which may in part be responsible for the differences in efficacy observed in vivo. These data should be useful for designing additional pharmacodynamic efficacy studies to further characterize mechanisms underlying the neuroprotective efficacy of these and related C-DIM compounds and the role of NR4A receptors in mediating these effects.
